The analysis of biological specimens for the presence of exogenous insulin is of special interest in select postmortem investigations. Insulin analogues are primarily used to mediate the regulation of blood glucose concentrations; however, their use has also been implicated or suspected as a cause of death in suicides, accidents, and homicides. Toxicological analysis for these compounds is challenging due to the large molecular weight, the limited stability of insulin in whole blood, and complexities associated with sample preparation and instrumental testing. As a consequence, determination of insulin in postmortem specimens is not routinely offered by most forensic toxicology laboratories. Forensic death investigation is further complicated by interpretative difficulties such as the frequent absence of anatomical findings, concentration interpretation in known insulin users, and addressing the impact of chemical instability and postmortem redistribution. There are ongoing efforts, however, to develop and validate robust methods that may be used for this analysis on these challenging samples and that are capable of withstanding scientific and legal scrutiny for forensic use. In this regard, in recent years, methods for the detection of exogenous insulin in postmortem samples have been reported and results of this testing has been published in a handful of cases. The purpose of this article is to review the primary functions of insulin, the disease states associated with the therapeutic use of exogenous insulin, the current state of laboratory testing, and to provide case summaries that summarize the timeline of advancements and underscore the importance of this work. Acad Forensic Pathol. 2016 6(2): 174-183 AUTHORS Laura M. Labay PhD F-ABFT, NMS Labs -Toxicology
INTRODUCTION
The investigation of death due to exogenous insulin administration is complicated by the lack of tests that have been validated on autopsy specimens. This is due to a combination of factors including cost, pre-analytical issues regarding specimen handling, and pronounced analytical challenges. Considering insulin toxicity as a cause of death and then accurately determining manner of death requires a systematic investigation often coupled with a history of insulin abuse and/or misuse, and chemical confirmation of the presence of the exogenous compound. Considering these requirements, it stands to reason that a proportion of these deaths likely go unrecognized or misclassified. From a toxicological perspective, a key contribution to the investigations would be the ability to determine whether exogenous insulin is present and if possible, to determine the concentration and its significance. The major obstacle to this has been that traditional methods such as immunoassays used in clinical settings are typically not amenable for postmortem specimens due to interferences with hemolyzed samples in immunoassay methods. In the last decade, improvements in sample preparation and instrumentation have made progress in the detection and differentiation of insulin analogues in both insulin preparations and medical equipment (intravenous lines, and bags) and using alternative biological matrices, most notably vitreous fluid (1) (2) (3) . It is likely that these analytical advancements, in conjunction with the knowledge base that already exists for insulin biochemistry and physiology, will allow for more complete forensic investigations of suspected insulin-related deaths. This review article will summarize advances in technology that support the investigation of forensic cases where insulin use is suspected to have contributed to death.
DISCUSSION

Insulin Structure and Functions
Proinsulin, the precursor molecule of insulin, is a peptide that is synthesized in the β cells of the pancreas. It is cleaved by the action of a series of proteolytic enzymes to form insulin. This step removes the 31-amino acid residue termed C-peptide between the amino-and hydroxy-terminal ends. The final insulin peptide consists of a 21-amino acid α-chain (carboxy terminal end) and a 30-amino acid β-chain (the amino terminal end) held together by two interchain disulfide bonds. The α-chain contains an additional, single, intrachain disulfide bond (Figure 1) (4) . In response to rising blood glucose concentrations, insulin is excreted with C-peptide in equimolar quantities into the portal circulation (5). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20   21   30  29  28  27  26  25  24  23 
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Insulin is a vital hormone that has numerous anabolic physiological functions including stimulating DNA and RNA synthesis, oxidative phosphorylation, intracellular transport, lipogenesis, and glucose utilization. Foremost in allowing these actions to occur, insulin allows glucose to enter cells where it can be metabolized and used to drive cellular activity. Insulin also promotes anabolic processes by inhibiting protein catabolism and decreasing the release of glucagon, a catabolic hormone, from pancreatic α cells. In contrast to insulin, glucagon promotes the breakdown of glycogen, the storage form of glucose. The two hormones, working in opposition, serve to stabilize glucose blood concentrations so that they are maintained within appropriate limits (6) (7) (8) .
Insulin Therapy
Problems with insulin production and utilization characterize types 1 and 2 diabetes mellitus, respectively. Type 1 DM (T1DM) is caused by autoimmune destruction of the insulin-producing pancreatic β cells, resulting in low or absent blood insulin concentrations, and presents in childhood or early adulthood. Type 2 DM (T2DM) typically presents later in life and is characterized by insulin resistance in peripheral tissues (i.e., muscle, fat, and liver), diminishing insulin excretion and increased hepatic glucose production. Treatment for T1DM and for advanced T2DM is insulin injection (9) .
While the symptoms of T1DM have been described for centuries, the pancreatic histological findings of T1DM were first described in 1902 by the German pathologist, Martin Schmidt, in an autopsy specimen of a 10-year-old child with diabetes (10). The Nobel Prize was later awarded to Banting and Best who first isolated insulin from the pancreas in 1922, allowing for purification of animal insulin for treatment (9, 10) . While this therapy was life-saving, the administration of animal insulin is associated with the development of antibodies to the exogenous insulin molecule (10) . Since then, the development and use of recombinant human insulin has resulted in a dramatic decrease in symptomatic immune responses to insulin (11) .
Like purified animal insulin, recombinant human insulin, or insulin analogues, are exogenous types of insulin because these are made outside of the human body. Insulin analogues are available in several forms with molecular structures similar to endogenous human insulin, some differing by as little as one amino acid. Synthetic human insulin (Humulin) is produced in bacteria or yeast and is structurally identical to endogenous human insulin. Exogenous insulins are classified as rapid-acting, intermediate-acting or long-acting depending on the speed of onset and duration of activity ( Table 1) . Chemical and pharmacological properties of the insulins are detailed in Table 2 .
Specimen Handling
In a postmortem assessment, the most common matrix collected and then submitted for toxicological evaluation is blood. Unfortunately, due to the variations associated with postmortem blood such as putrefaction, hemolysis, and clotting, this specimen type is not amenable to insulin analysis by immunoassay platforms. The use of serum or plasma samples that have been saved by the hospital, especially if drawn within minutes or hours of the suspected time of insulin intoxication, and if refrigerated or frozen, may be viable for immunoassay testing. Studies show that 80% to 95% of insulin is recoverable from serum or plasma 
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after six days of refrigeration at 4°C. However, insulin is nearly completely degraded by four to five days at room temperature (12) . Thus, any biological specimen collected for insulin analogue testing should be collected in as timely a manner as possible relative to the initiation of the investigation and immediately stored frozen (no warmer than -20°C and ideally at -80°C).
Analytical Methods
Several methods capable of detecting and quantifying insulin have been reported. The insulin radioimmunoassay (RIA) was published by Berson and Yalow in 1960 (13) . The sensitivity and reproducibility of RIA soon established it as the method of choice for most insulin investigations. The technique may also be employed for C-peptide determinations. Disadvantages to RIA, however, is that the test is time-consuming, subject to interferences, and requires laboratory personal to work with radiolabeled agents. Today, commercially available enzyme-linked immunosorbent assay (ELISA) kits have been designed and developed to quantitatively measure human insulin and C-peptide in serum and/or plasma samples. The advent of these assays has improved sensitivity and reproducibility and, from a laboratory perspective, has lowered cost and reduced turnaround time.
From a forensic perspective however, these tests may not suffice, especially in the absence of supportive anamnestic case information. This is principally because current ligand-binding tests are unable to deliver discriminatory quantitative results from the laboratory to the death investigator. Immunoassay cross-reactivity with nontarget compounds, dynamic range limitations and, most importantly, the ability to unambiguously differentiate endogenous insulin from recombinant pharmaceutical analogues remains likely unsolvable with traditional antibody-based immunoassays (14) (15) (16) . Because of this, the identification of the insulin analogue should be made by a technique such as liquid chromatography tandem mass spectrometry (LC-MS/MS) that provides the ability to discriminate between the various synthetic analogues. Becoming increasingly popular for clinical endocrinology and sports medicine testing, LC-MS/MS assays are not subject cross-reactivity, provide higher specificity if not sensitivity, and are amenable to multiplexing multiple targets in a single test (17, 18) . From a reporting standpoint, a well-designed LC-MS/MS assay should eliminate the concern that structurally similar compounds cross react, and therefore enable distinct identification and quantification of either endogenous human insulin or the analogous recombinant varieties.
Proteins can be simply defined as biological molecules that perform cellular functions. Ultimately, protein function is dictated by amino acid sequence leading to highly specialized tertiary and/or quaternary structure. While all common pharmaceutical analogues have been developed with slight structural differences ( Table 3 ) to achieve various desired pharmacokinetic and pharmacodynamic properties, the ultimate biological function of these insulin analogues is the regulation of blood glucose concentrations (19, 20) . However, because of their very similar molecular characteristics, including mass and structure, these 
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compounds also have similar analytical characteristics, specifically, chromatographic retention time and fragmentation spectra. Taken together, clear differentiation remains a challenge even for modern LC-MS/MS based approaches, requiring careful method optimization, thorough method validation, and strict quality control.
In recent years, several LC-MS/MS based methods have been published. The most commonly employed technique combines low flow chromatography (microbore or nanobore) with anti-insulin antibody immunopurification (3, (21) (22) (23) . While these approaches have seen some success, complex sample preparation steps associated with immunocapture purification, as well as lengthy run times, lack of robustness, and reproducibility associated with low flow separations make these approaches largely unsuitable for forensic analysis (24, 25) . More recent applications have omitted immunopurification in lieu of multidimensional chromatographic purification as well as introducing MS-level separation via ion mobility mass spectrometry (26, 27) . However, no single approach has successfully integrated a straightforward, production-compatible, preparation method with unequivocal, unambiguous, discrimination between insulin and the recombinant analogues. Combining additional approaches and advances such as immunopurification automation, novel column chemistries and preparation techniques (e.g., enzyme digestion) are likely to provide a solution in the near future (28) .
Interpretation of Findings
There are two main patient populations to consider: those that are not prescribed insulin and those that are prescribed insulin. In the former group, if exogenous insulin is identified − regardless of concentration − this is substantive evidence that insulin may have at least contributed to death, especially in the absence of a more competent cause. In the latter population, it might be expected for the analytical method to detect an exogenous insulin. Quantitative analysis to determine concentration would be warranted in this circumstance and should be compared to concentrations corresponding to compliant therapeutic use when available for that particular specimen type.
Another interpretive avenue is the consideration of the insulin to C-peptide (I:C) ratio. This ratio has been used to indicate the use or administration of exogenous insulin (12, 29) . In living individuals, the plasma half-life of insulin is between five to eight minutes, while the plasma half-life of C-peptide is between ten 
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to 20 minutes (30, 31) . The liver breaks down insulin during first metabolism (a lesser amount of insulin is subsequently eliminated by the kidneys), whereas C-peptide is removed from circulation exclusively via the kidneys (32, 33) . Most importantly, because both insulin and C-peptide are secreted from the pancreas in equimolar concentrations, the ratio of insulin to C-peptide should be near 1.0 or even slightly lower due to the somewhat longer half-life of C-peptide (34) . For example, the I:C ratio in a normal healthy living person is 0.12 -0.47 and never exceeds 1.0. In contrast, for people who use exogenous insulin, the I:C ratio would be expected to be greater than 1.0 (29) . Taking this information into account, calculation of I:C ratio using total insulin (endogenous and exogenous) and C-peptide values may be beneficial, particularly when the analytical method (e.g., immunoassay) does not differentiate endogenous insulin from a suspected exogenous insulin.
It is important to consider that, like insulin, C-peptide concentrations may be influenced by certain disease states or through the use of certain drugs and/or medications. For example, insulin and C-peptide concentrations are both elevated in insulinoma, renal failure, and Cushing syndrome. Therefore, even though the patient is experiencing a medical event, the insulin to C-peptide molar ratio is preserved at less than or equal to 1. In contrast, in patients with insulin autoantibodies, as occurs in T1DM, the insulin to C-peptide ratio may be reversed to greater than 1, due to the prolonged half-life of autoantibody-bound insulin. Lastly, failing insulin secretion, as occurs in T1DM and longstanding T2DM, is associated with corresponding reductions in serum C-peptide concentrations (35) .
In addition to directly testing for insulin and C-peptide, alternate analytes such as glucose, lactic acid, and ketone bodies may be considered. A postmortem glucose concentration of less than 200 mg/dL is considered normal. Because glucose concentrations decline rapidly following death, a postmortem vitreous glucose concentration of greater than or equal to 200 mg/dL is diagnostic of uncontrolled diabetes (36) . The finding of either a normal or elevated vitreous glucose concentration suggests that exogenous insu-lin is not present at a concentration consistent with a lethal outcome. The same rationale may be applied to the evaluation of ketone bodies. When the pancreas produces insufficient amounts of insulin or no insulin, cells receive inadequate quantities of glucose. As a consequence, the body begins to break adipose (and, depending on the concentration of insulin, possibly muscle) stores, and ketone bodies mainly consisting of β-hydroxybutyrate, acetoacetate, and acetone are produced. β-hydroxybutyrate is the major ketone produced in alcoholic and diabetic ketoacidosis (DKA). Ketones may also be detected in cases of malnutrition/ starvation and isopropanol ingestion (37) . Similar to all toxicological interpretation, it is relevant to consider the impact of any medical intervention prior to death that would affect the presence and/or amounts of these analytes.
Autopsy Studies
The discovery of the insulin molecule in 1922 (9, 10), while life-saving for so many diagnosed with T1DM, has been tainted by unintentional therapeutic mismanagement, sport doping-related abuse (38) , and even malicious use (3, 6, 12, 29, 37, 39, 40) of the molecule in ensuing years. Hospital emergency rooms are familiar with hypoglycemia in the setting of insulin misuse, and the number of such presentations representing suicidal attempts or gestures is unmistakably underestimated (41) . Of a total of 2 424 180 calls to poison control centers in the United States in 2005, 3934 (0.16%) were related to insulin exposure. While this number is comparatively low compared to other calls for toxic exposures, the majority of calls for insulin toxicity seem to be related to deliberate self-poisoning. In a retrospective study of 160 telephone inquiries to one regional poison unit, 89.4% were suicidal or parasuicidal, 5.0% were accidental, 1.9% were due to criminal overdose, and 3.7% were classified as another reason (42) . Indeed, both T1DM and T2DM are associated with a two-fold higher rate of depression as compared to the general population (43) . While the majority of self-administered insulin toxicities are by patients with diabetes, a portion is by nondiabetics using insulin not prescribed to them (5, 44) .
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From a forensic standpoint, establishing insulin toxicity as a cause of death remains challenging. A thorough investigation noting and collecting insulin syringes and vials, a suicide note, or even an eyewitness account, is particularly valuable. In the case of investigating hospital-associated overdose, whether accidental or intentional, catheter-associated lines and fluid bags should be collected and examined for insulin residue (3) . When available, antemortem serum and urine samples, especially those closely temporally related to the toxic administration, should be stored frozen for later insulin detection studies (3, 40) . Additionally, anamnestic information such as a history of depression, prior suicide attempts, substance abuse, diabetic status, occupation, and relationship to someone with a diagnosis of diabetes is also useful (6) . Unfortunately, such helpful information is often not present and the diagnosis of insulin toxicity may rely solely on autopsy findings, which may be unremarkable.
From a morphological perspective, external examination of insulin toxicity cases may reveal little or no insight. Because insulin is most often administered using high-gauge needles, puncture sites may be difficult or impossible to find. When identified, however, photodocumentation is warranted, and some authors have reported the utility of excising the injection site for insulin detection (6, (45) (46) (47) , as well as examination of the tissue by immunohistochemistry (48, 49) . The importance of ruling out other causes of hyperinsulinemia merits careful inspection of the pancreas for an insulinoma. Morphological evidence of central nervous system dysregulation, though nonspecific, may be apparent in the form of pulmonary edema and cerebral edema (44) . Depending on post-injection survival interval, as well as on hospitalization or postmortem imaging modalities, magnetic resonance imaging findings of hypoglycemia-related encephalopathy may be evident as disseminated hypersignals of the cerebral gray matter (50) .
The diagnosis of hypoglycemia secondary to hyperinsulinemia as a cause of death is a great deal more difficult than the diagnosis of such in the living. In the setting of an acute presentation to the emergency room, a patient with suspected insulin toxicity might be thoroughly evaluated through blood glucose, insulin, and C-peptide concentrations. In fact, autopsy workup of insulin toxicity has historically proceeded in the same manner. However, postmortem sampling is complicated by an endless number of factors. For example, death following insulin overdose is not necessarily immediate and, depending on the type of insulin used (onset and duration of action), the time to hypoglycemic coma can be 20 minutes or much longer (39) . Such a length of time allows for metabolism and elimination of the insulin molecule prior to death. Furthermore, decedents may be found hours, days, or longer after death, in which case the insulin molecule is additionally subjected to insulinase, an enzyme present in several tissues and released by red blood cells during hemolysis (51, 52) . Insulinase activity, like all enzymes, is highly dependent on temperature (12) , explaining the importance of rapid sample recovery and of freezing samples for insulin analysis as described above (6, 12) . Similar to insulin concentrations, blood glucose concentrations (53) and C-peptide concentrations have also been shown to decrease after death (29, 54, 55) .
Iwase and Kobayashi studied 18 control cadaver cases to determine postmortem I:C ratio in order to substantiate a case of homicidal insulin intoxication (29) . The authors quantified insulin and C-peptide in the victim and controls using commercial radioimmunoassay kits on blood samples, which have known limitations. Control cases in which hemolysis of the sample had occurred were excluded. The authors found a mean insulin value in control cadavers of 8.1 ± 5.1 µU/mL (0.058 ± 0.037 nmol/L) (CV=156%) and C-peptide concentrations ranging 55 to 390 pmol/L (0.2-1.4 ng/ mL). The mean I:C ratio was 0.478 ± 0.247 (range 0.081-1.03) (CV=193%). Interestingly, cadavers examined less than 24 hours after death had a significantly lower I:C ratio (0.387 ± 0.195; n=12) than cadavers examined more than 24 hours after death (0.660 ± 0.255; n=6) (p <0.01). The authors concluded that as time after death increases, the C-peptide concentration decreases and the I:C increases (29) . This finding is somewhat counterintuitive to the known half-lives of insulin and C-peptide, which would predict a de-INVITED REVIEW crease in I:C over time as insulin is preferentially broken down, and C-peptide is one of the products. This phenomenon deserves further investigation once more robust analytical methods are available.
Another study found that insulin concentrations in nondiabetic postmortem blood ranged from 0-69 µU/ mL (0-0.50 nmol/L) (6) . Kernbach-Wighton and Puschel performed a retrospective review of 12 cases of suicide by insulin, with a postmortem time frame of one day to six weeks, also utilizing RIA for insulin quantification in blood and cerebrospinal fluid (CSF) (44) . The authors found that peripheral blood insulin concentrations were elevated (range 1-155 µU/mL; mean 49 µU/mL), and that the mean CSF insulin values were about 30% greater than the peripheral blood values (44) . Therefore, the authors indicated a preference for CSF (and vitreous humor) over blood for postmortem analysis of glucose, lactate and insulin (44) . Furthermore, the authors found that the Traub score (calculated by adding the glucose and lactate concentrations in the CSF or vitreous in mg/dL), used to make conclusions about the antemortem status of blood glucose concentrations and metabolism (56, 57) , could not be used to diagnose lethal hypoglycemia in the case of longer postmortem intervals (44) . The value of the Traub score has been further questioned by other workers who demonstrated limited effectiveness in the estimation of antemortem glucose and the diagnosis of hyperglycemia due to increases in lactate after death, noting instead that vitreous glucose concentration itself appears to be the most reliable marker along with other candidate biochemical markers such as acetone, 3-β-hydroxybutyrate, urine glucose, and glycated hemoglobin, to confirm diabetic ketoacidosis as the cause of death (58) .
While immunoassays, especially radioimmunoassays, may be able to provide the necessary sensitivity for use in quantifying insulin concentrations in the forensic setting (59), immunopurification combined with ultrahigh performance liquid chromatography-high resolution/high accuracy (tandem) mass spectrometry provides the specificity to differentiate between the various insulin analogues (3). Indeed, the latter method has been successfully employed in the identifica-tion of insulin in postmortem material (vitreous humor) in a case of insulin poisoining (3) . In that case, a nondiabetic female was admitted, comatose, to intensive care following a severe drop in her blood glucose concentration from a normal concentration of 89 mg/ dL to severe hypoglycemia (2 mg/dL). She died from complications four days later. The corresponding change in human insulin concentrations determined by the authors LC-MS/MS, before and after admission to the intensive care unit went from normal (5.9 mIU/L; 0.2 ng/mL), to extremely elevated (5551 mI-U/L; 194 ng/mL). The C-peptide concentration measurements determined by immunoassay were within the normal range (1.7-4.8 ng/mL) on both draws. The death was ultimately determined to be a poisoning by nonmedically administered human insulin (3) .
CONCLUSION
Investigation of purported insulin deaths must include several facets including thorough scene and postmortem investigations, a comprehensive medical record review, and appropriate toxicological testing. The latter, based upon current analytical approaches, would ideally utilize mass spectrometry so that the identification of any insulin analogue is verified. If C-peptide is included in the scope of analysis and a quantitative method used, the I:C ratio can be calculated. This latter technique could be accomplished by mass spectrometry and immunoassay platforms. It is recommended that specimen handling practices and submission guidelines be reviewed with the testing laboratory prior to actual need to mitigate as many pre-analytical variables as possible.
